Carp Cyprinus carpio were exposed for 20 days to test waters consisting of combinations of four lead concentrations (0, 10, 100, and 1,000 ppb) and four levels of water hardness (50, 150, 500, and 1000 ppm as CaCO3), and 5-aminolevulinic acid dehydratase (ALA-D) activities and lead concentra tions in the fish blood were measured. ALA-D activities decreased with increasing blood lead concentra tions, and the activities were negatively correlated to the log of the blood lead concentrations (r=-0.93).
The value of the environmental water quality standard for water lead in Japan was revised in March, 1993 and was strengthened from 100 to 10 ppb. However, it is not apparent whether this value is the maximum concentration possible without destroying the desirable living conditions necessary for fish. The concentration which permits a suc cessful completion of the life cycle of fish, that is, the maxi mum acceptable toxicant concentration, has been deter mined on the basis of information obtained from chronic toxicity tests. In the past, chronic toxicity tests on the toxic ity of water lead to fish were performed using brook trout Salvelinus fontinalis1) and rainbow trout Oncorhynchus mykiss,2) and these tests took years to complete. In addi tion, the toxicity of water lead to fish has changed along with changes in the chemical characteristics of water, in particular water hardness.2-4)
The enzyme 5-aminolevulinic acid dehydratase (ALA-D, EC 4.2.1.24) in fish blood is useful as an indicator of water lead pollution because its activity is inhibited by lead pollution.5-7) Carp Cyprinus carpio live extensively in the fresh waters of Japan, and carp blood ALA-D was also cer tified to be used as an indicator of water lead pollution.8) The water lead concentrations, which inhibited the blood ALA-D activities during a short-term exposure test to brook trout and rainbow trout,5) approximated the mini mum lead concentrations that caused some sublethal effects in brook trout 1) and in rainbow trout 2) during chron ic exposure tests on those fish species. Therefore, Hodson et al.5) proposed that fish blood ALA-D could be used as an effective short-term indicator to estimate the long-term effects of lead on fish.
The present study was undertaken in order to estimate the validity of the present value of the environmental stan dard of water lead, using carp blood ALA-D as the indicator enzyme of lead toxicity to the fish. In addition, this study enabled us to explain that the uptake mechanism of water lead through the gills is the reason why the toxicity of water lead to carp is ameliorated with increasing levels of water hardness.
Materials
and Methods
Preparation of Dilution Waters of Varying Levels of Water Hardness
The four levels of water hardness used as dilution waters in this study were 50, 150, 500, and 1000 ppm CaCO3. The dilution water of 50 ppm CaCO3 was prepared by adding deionized water, or calcium chloride and magnesium chlo ride to tap water (about 50 ppm as CaCO3) obtained from the municipal water supply which was drawn from the Tatara river in Fukuoka city. The dilution waters of 150, 500, and 1,000 ppm CaCO3 were similarly made by adding deionized water, or calcium chloride and magnesium chlo ride to well water (about 180 ppm as CaCO3) obtained within Kyushu University. The amounts of calcium chlo ride and magnesium chloride added to these waters were in accordance with the ratio of Ca and Mg concen trations found in the tap water and the well water. The Ca and Mg concentrations were measured by an AAS.
Preparation of Test Waters
A stock solution of lead nitrate (10mg/ml as Pb) was diluted with each dilution water to produce water lead con centrations of 10, 100, and 1,000 ppb, respectively. The four dilution waters were also used as the control waters. Therefore, the test waters consisted of sixteen combina tions of four lead concentrations and four levels of water hardness. Measurement of Blood ALA-D Activity ALA-D activity was measured by a modified method which does not use HgC12 as described in our previous report.9) In addition, blood collection from fish and meas urement of hematocrit also followed methods previously reported.8) ALA-D activities for five fish for each of the test waters were measured. Relative ALA-D activity was ex pressed as a ratio of the mean value of lead-contaminated fish to that of the control fish. Or else, the activity was ex Statistical Analysis Data were analyzed for statistical significance by the Student's t-test. Significant differences were established at 5% level.
Results
and Discussion
Dissolved Lead Concentrations of Test Waters Table 2 indicates the mean concentrations of the dis solved fraction of water lead before the beginning of the exposure tests and again after an exposure period of 48 h. Before the beginning of the exposure tests, the dissolved lead concentrations of test waters with varying levels of water hardness were within the range of 5.1-5.4, 50.2 57.3, and 701.4-738.4 ppb at the nominal lead concentra tions of 10, 100, and 1,000 ppb, respectively, with the dis solved lead concentrations being lower than the nominal concentrations. After an exposure period of 48h, the dis solved lead concentrations were within the range of 1.1 1.7, 17.7-26.3, and 177.4-256.7 ppb, respectively, the dis solved lead concentrations having become remarkably low er. On the other hand, the dissolved lead concentrations of the control waters were within the range of 1.0-1.4 ppb be fore the beginning of the exposure test and were within the range of 0.7-1.4 ppb after an exposure period of 48 h, the dissolved lead concentrations having barely changed dur ing the exposure test. No relationship between changes in the dissolved lead concentrations and the levels of water hardness of the test waters was observed. Davies et al.2) stated that the dissolved lead concentrations in waters with high alkalinity which possess high concentrations of HCO-3 and CO23-, were lower because of the precipitation of lead carbonate. In the present study, it might be possible by the following, from a mechanism of the effects of water hardness on the lethality of heavy metals to fish reported by Zitko and Carson.11) Generally, the toxicity of heavy metals is dependent upon the amount of heavy metal bind ing to the active sites in fish tissues. The binding amounts of heavy metal ions to the active sites increase with increas ing blood heavy metal. The blood heavy metal concentra tions are affected by levels of water hardness because heavy metal ions compete with Ca and Mg ions for bind ing to the gill epithelia. The relation of blood ALA-D activities to water lead concentrations after an exposure period of 20 days is shown in Fig. 2 . ALA-D activities are shown as relative values (%) to those of the control fish for every level of water hardness. Although ALA-D activities decreased with increasing water lead concentrations, the depression of the activities was ameliorated with increasing levels of water hardness. ALA-D activity in the lead-contaminated fish decreased to about 40% of that of the control fish when the carp were exposed for 20 days to a water lead con centration of 10 ppb together with a water hardness of 50 ppm CaCO3. At present, the environmental water quality standard of water lead relating to human health of Japan is 10 ppb. Since it is commonly stated that the average lev el of water hardness of river waters in Japan is 30 ppm CaCO3, blood ALA-D activities in carp, which live in waters where the environmental water quality standard of water lead is 10 ppb, may be remarkably inhibited. If fish blood ALA-D could be used as an effective short-term indi cator to estimate the long-term effects of water lead to fish, the water lead concentration of 10 ppb may cause chroni cally sublethal effects to carp. concentrations after an exposure period of 20 days is shown in Fig. 3 . ALA-D activities are shown as relative values (%) to those of the control fish for every level of water hardness. On the other hand, blood lead concentra tions were the mean values for every level of water hard ness and for every concentration of water lead. The rela tion of blood ALA-D activities to blood lead concentra tions became confused when two variables were plotted for every level of water hardness. However, it is apparent that ALA-D activities decreased with increasing blood lead concentrations. As shown in Fig. 4 , the ALA-D activi ties were negatively correlated to the log of blood lead con centrations (r= -0.93) when the relation between these variables was re-plotted on the basis of data for each of the individual fish that were measured. From the results described above, the effects of water hardness on the inhibition of blood ALA-D activities by water lead are summarized as follows. The inhibitory degree of ALA-D activities decreases with increasing blood lead levels (Figs. 3 and 4) . Blood lead levels depend upon the amounts of Pb ion binding to the gill epithelia, namely water lead concentrations (Fig. 1) . Since water hardness affects the ratios of Pb ion binding to the the gill epithelia, blood lead decreases with increasing levels of water hardness. In addition, judging from the inhibitory degree of carp blood ALA-D, the present water lead stan dard value of 10 ppb is the concentration that may cause chronic toxicity to carp. Certainly, the toxicity depends upon the chemical characteristics of water. This problem should be further ascertained on the basis of information obtained from chronic toxicity test.
